An analytical method to determine faecal sterols was developed and applied to the analysis of samples including pig manure, sewage treatment plant sludge and combined sewer overflow effluent. Compounds including coprostanol (5β-cholestan-3β-ol), epicoprostanol (5β-cholestan-3α-ol), cholesterol (cholestan-5-en-3β-ol) and dihydrocholesterol (cholestanol, 5α-cholestan-3β-ol) were quantified in these source samples and their relative ratios calculated to investigate their potential application as source tracers. A mean coprostanol:epicoprostanol ratio of 7.6 ± 1.17 was calculated for pig manure samples from three Ontario livestock operations. This ratio was much lower (approximately 1.8) for sewage treatment plant sludge while the ratio for a combined sewer overflow effluent was very high (approximately 70). This approach, with the addition of physical measurements (e.g., current velocities) and meteorological data, may assist in determination of the influence of shore-based activities, including sewage treatment and livestock operations, on aquatic systems.
Introduction
Coprostanol (5β-cholestan-3β-ol, Fig. 1 ), a mammalian metabolite of cholesterol and its primary isomer epicoprostanol (5β-cholestan-3α-ol) have been used in characterization and tracing of sewage-contaminated sediments. Related compounds, some of which are also used as tracer accessories, include cholesterol (cholestan-5-en-3β-ol) and dihydrocholesterol (or cholestanol, 5α-cholestan-3β-ol). These compounds have the necessary characteristics of tracers in that their primary source is mammalian faecal matter. Furthermore, they are persistent in the sedimentary environment and readily quantifiable at low concentrations.
Coprostanol is produced by microbial reduction of cholesterol in the gut of humans (Kirchmer 1971; Midtvedt and Midtvedt 1993) . Samples of bird guano from seagull rookeries in Hamilton Harbour (Coakley, unpublished data) contained minute values of coprostanol (27 ng/g or less), which were approximately 1 millionth of the levels in human waste (Murtaugh and Bunch 1967) . Faeces of marine mammals, including some whales and seals (Venkatesan and Santiago 1989) , and pigs and cats (Leeming et al. 1997) , also contain significant amounts of coprostanol. Because of this specificity of origin, coprostanol (C27) has been used extensively as a tracer for sewage-related pollution, both in water and in sediment. However, its low solubility in water and affinity for sediment particles make it more useful as a tracer of sediments contaminated by discharges of mammalian waste, usually occurring through sewage treatment systems. These sewage systems may also represent sources of chemical contaminants to aquatic environments.
Despite its wide use, some researchers urge caution in the use of coprostanol as a tracer of sewage, especially in marine areas characterized by very low concentrations in sediments. This concern is primarily due to the possible presence of coprostanol resulting from the faeces of marine mammals, and the potential in situ production of coprostanol from cholesterol (Takada and Eganhouse 1998) . The presence of low levels of coprostanol in sediments may limit its utility as a tracer in areas that are far removed from inputs of sewage (Takada et al. 1994) . Grimalt et al. (1990) used the ratio of coprostanol to cholestanol to distinguish coprostanol derived from diagenesis of algal sterols from that of human origin. Studies of marine sedimentary environments offshore of the southern California coast (Venkatesan and Santiago 1989) , and freshwater and marine sedimentary areas of Australia (Leeming et al. 1997) , indicated that evidence of contamination originating from human waste could be obtained by calculating the ratio of some sterol epimers in the sediments.
In this paper, we describe the methodology currently used at the National Water Research Institute (NWRI) for the determination of sterols in a variety of matrices including freshwater sediments and source samples. Source samples were used to determine the specificity of faecal sterols in source identification. This specificity is important for discerning the sources of sanitary and livestock-related pollution to aquatic systems and subsequently for effective implementation of remedial measures.
Materials and Methods

Sample Collection and Preparation
Sediment samples were collected from Lake Ontario and from the inlet area of a stormwater detention pond in Toronto (HRIN5). Sediment samples were collected using a Shipek sampler or mini box corer (Mudroch and MacKnight 1994) . Sewage treatment plant sludge was collected from the Burlington, Ontario, plant. Sediments making up the top 2-cm layer (comprising the previous 5-10 years deposition depending on the local sedimentation rate) were collected and refrigerated at 4°C. Care was taken to avoid loss of the soft surface layers. Before analysis, samples were freeze-dried, homogenized, and passed through a 62-µm sieve to remove the sand fraction. Source samples included raw sewage treatment plant (STP) effluent, a combined sewer overflow effluent, and pig manure from holding tanks at three Ontario livestock farms.
Analytical Standards
Sterol compounds were all obtained from Sigma (Canada). They were as follows: epicoprostanol (95%), cholesterol (99+%), stigmasterol (95%), dihydrocholesterol (95%), stigmastanol (97.2%) and coprostanol (98%). The derivatizing agent N-methyl-N-trimethylsilyl-trifluoroacetimide (MSTFA) was obtained from Pierce (Rockford, Ill.). All solvents were of analytical grade. Water was prepared using a Milli-Q purification system. A sediment sample from a reference site in Lake Ontario previously determined not to contain any detectable levels of sterols was used for spike recovery studies.
Extraction
Previously, the most utilized technique for extraction of sterols was Soxhlet extraction. This technique consumes large volumes of solvent and is generally time-consuming (24 hours). Extractions performed in this study were in dichloromethane using an ASE 200 accelerated solvent extractor (Dionex Corp.). Extraction cells were lined with Dionex D28 cellulose filters. Dry sub-samples (0.5-1.0 g) were weighed and mixed with Ottawa sand (Fisher Scientific) to fill the entire volume of the extraction cell. A 2000-psi fluid pressure was maintained and cells were heated to 100°C. Optimum operating parameters are shown in Table 1 .
Cleanup
Sample extracts requiring cleanup were subjected to an open-column alumina procedure. A glass pipette was packed with 1.0 g of alumina and the extract was added to the top of the column. Sterols were eluted with 12 mL of dichloromethane.
Heavily contaminated samples (e.g., pig manure) were also subjected to a gel permeation chromatography (GPC) procedure using an Autoprep 1002 GPC column packed with SX-3 Bio-Beads (Bio-Rad, Richmond, Calif.) with a dichloromethane-hexane (50:50, v/v) mobile phase at 5 mL/min. Sterol elution times on the gel column were determined from spiked extracts.
Derivatization
Extracts were gently evaporated to dryness under nitrogen and derivatized with 100 µL N-methyl-N-trimethylsilyl-trifluoroacetimide (MSTFA) for 20 minutes at 130°C. After cooling, extracts were reconstituted in 1 mL of iso-octane for GC-MS analysis.
Chromatography
Extracts were analyzed using a Hewlett Packard Model 5890 Series II gas chromatograph equipped with a Model 5971A mass selective detector (Hewlett-Packard, Mississauga, Ont.). The instrument was operated in full scan or selective ion monitoring (SIM) mode depending on the data quality objectives. GC-MS operating parameters are shown in Table 2 . Sterols were quantitated based on an external standard method using a five-point calibration curve.
Quality Assurance and Quality Control
Sediment samples were spiked with a laboratory standard containing four polycyclic aromatic hydrocarbons including naphthalene-d 8 , fluorene-d 10 , pyrene-d 10 and benzo[a]pyrene-d 12 . Spike recoveries, exclusive of naphthalene-d 8 , were typically greater than 80%. Method blanks were carried through the complete sample preparation and analysis procedures. Between-run reproducibilities were typically 10%. The analysis of suspended sediments provided data complementary to that obtained from bottom sediments, however, sample sizes were frequently only on the order of several hundred milligrams. These small sample sizes imposed a method detection limit of approximately 60 ng/g (based on 3:1 S/N) for individual sterols in a 1-g dry weight sample when analyzed in selected ion (SIM) mode. This detection limit is based on a final sample extract volume of 1 mL, and corresponds to 60 pg injected into the instrument.
Results and Discussion
The hydrophobicity of coprostanol and related sterols results in their being associated primarily with particulate matter in aquatic systems; our methodology is designed for processing of solid samples. Initial methods development focused on optimization of the extraction and analysis procedures. Examples of analytical procedures used previously at NWRI and other laboratories are reported in Coakley et al. (1992) , Bachtiar et al. (1996) , DeLuca and Fox (1995) and Jones et al. (1994) . The accelerated solvent Under the described conditions, sterol compounds exhibited recoveries from spiked reference sediment that were typically greater than 80%. Due to the lack of commercial availability of labelled sterol surrogate standards, a series of deuterated PAH standards were used to monitor extraction efficiencies from field samples. Some difficulties were encountered in the analysis of stigmasterol (24-ethylcholesta-5,22E-dien-3β-ol) that appeared to result from poorer derivatization efficiency than the other analytes. As a result, the detection limit for this compound was considerably higher. Methods previously used at NWRI were based on analysis using gas chromatography with flame ionization detection (FID). These methods, although robust, did not have the benefit of mass spectrometric confirmation of the analytes. Attempts were also made to develop methods that precluded the use of a derivatization procedure. We found that analysis of sterols in their native form without derivatization resulted in rapid decreases in column performance after roughly thirty samples. In addition, these methods did not readily result in the separation of two key sterol isomers, coprostanol and epicoprostanol. Our analysis of a wide variety of sample matrices and reports from other analysts (Venkatesan and Santiago 1989) have shown that epicoprostanol is frequently present at significant levels in some environmental samples compared with levels of coprostanol. Based on these observations, the levels of coprostanol in some reports in the literature may actually be the sum total concentrations of both coprostanol and epicoprostanol. Our sample preparation methodology combined with the described temperature program on a DB-5 column results in baseline resolution of these isomers. The alumina cleanup procedure adequately removed interfering compounds which precluded an additional gel permeation chromatography (GPC) cleanup step. Figure 2 shows a GC-MS chromatogram of an extract of Lake Ontario reference sediment spiked with six sterols at levels ranging from 50 to 100 µg/g (parts per million).
Our primary interest in the analysis of sterols stems from their utility as tracers of contamination originating from municipal sewage treatment plants (STPs). We have applied our methodology to the analysis of Great Lakes sediments from nearshore areas including Hamilton Harbour, an embayment of western Lake Ontario (Coakley et al. 2001) . The harbour receives discharges from four STPs. Most of our work has focused on the northeast area of the harbour near the Burlington Skyway STP outfall. Figure 3 shows a typical chromatogram from the analysis of a sediment sample from Hamilton Harbour collected near the STP outfall. The compounds of interest were well resolved and there were minimal interferences that resulted in accurate quantitation of the analytes. These data, taken in context with current velocities and meteorological data, allowed us to determine the temporal transport pattern of the STP effluent in this area of the harbour (Coakley et al. 2001) . We applied the methodology to the analysis of a variety of source samples and generated sterol profiles for the purpose of investigating the potential utility of these compounds as indicators of impacts of shore-based activities, such as agriculture, on aquatic systems. These matrices included pig manure, STP sludge and effluents from combined sewer overflows (CSOs). All of these samples required a GPC cleanup procedure. Table 3 lists the sterol concentrations determined in these source and reference samples. Other sterol compounds determined in these samples included stigmasterol (24-ethylcholesta-5,22E-dien-3β-ol) and stigmastanol (24-ethyl-5α-cholestan-3β-ol). Figures 4, 5 and 6 show GC-MS chromatograms from the analysis of extracts of source samples prepared using the described method. The concentration of coprostanol in the STP sludge (10.6 mg/g dry weight) was similar to the highest value (7.8 mg/g dry weight) reported for a number of plants in the United States and Europe (Takada and Eganhouse 1998) . Coprostanol was present in Lake Ontario sediments at levels less than 10 µg/g; Coakley et al. (1992) reported levels of 1.1 µg/g in Lake Ontario sediment sampled near Toronto. The ratios of coprostanol: epicoprostanol were quite consistent among the three pig manure sample sites, having a mean ratio of 7.6 ± 1.17. Epicoprostanol was detected at a higher concentration, relative to coprostanol, in the sewage treatment plant sludge; the ratio of coprostanol:epicoprostanol was 1.8. Coprostanol was detected at a high level in the combined sewer overflow effluent sample (700 ppm), while epicoprostanol was only found at low levels (less than 10 ppm). Coprostanol was detected at a low level (20 µg/g) in a pond sediment, which indicated the influence of surface runoff during storm events. Takada et al. (1994) used the ratio of coprostanol:cholesterol to assist in the determination of sewage sludge contributions to deep-water surface sediment and suspended sediment quality. New York City sewage sludge exhibited high coprostanol:cholesterol ratios (approximately 4), while ratios in offshore bottom and suspended sediments were much lower, ranging from 0.19 to 1.51 in bottom sediments, and 0.50 to 2.99 in suspended sediments. We calculated a relatively high coprostanol:cholesterol ratio of 11.4 for the Burlington STP sludge (Table 3 ). The ratios for pig manure were more similar to the value reported by Takada et al. (1994) for STP sludge, ranging from 3.6 to 6.2. The coprostanol:cholesterol ratio for the CSO sample was 3.2. We have also observed similar data trends to Takada et al. (1994) in suspended sediments. We previously calculated a mean coprostanol:cholesterol ratio of 0.34 (N=33) for suspended sediment samples from two tributaries of Lake Ontario, Bronte Creek and Oakville Creek (Coakley, unpublished data) . Grimalt et al. (1990) reported the ratio of coprostanol (5β-isomer) to cholestanol (5α-isomer) to be diagnostic of urban sewage pollution. Sediments containing ratios of these isomers, calculated according to [5α/(5β + 5α)], greater than 0.7 were positively identified as being contaminated by faecal matter. The corresponding ratios for the pig manure and STP sludge samples, calculated from data in Table 3 , ranged from 0.72 to 0.78.
Conclusions
The developed methodology enables the simple and accurate determination of some faecal and algal sterols. Extraction by accelerated solvent extraction, combined with the described cleanup procedures, afforded extracts that were relatively free from interfering compounds and enabled accurate identification and quantitation of analytes, even for highly contaminated samples such as pig manure. Sediments from areas of the Great Lakes indicative of ambient environmental conditions required only an alumina column cleanup. Tracer studies based on analysis of both sediments and source samples could require both the alumina and GPC cleanup steps to ensure uniformity of treatment of samples. The chromatographic method resulted in baseline resolution of two key epimers, coprostanol and epicoprostanol. The ratios of coprostanol to epicoprostanol were consistent among pig manure samples collected from three different livestock operations (7.6 ± 1.17), indicating potential application of this method to tracking the influence of agricultural livestock operations on aquatic systems. Estimates of coprostanol:cholesterol and coprostanol:cholestanol for both pig manure and STP sludge showed that both these ratios are potential indicators of faecal contamination in aquatic systems impacted by urban (STPs) and rural (livestock) areas. The observed differences in the sterol profiles and ratios of key epimers will be further investigated through analyses of multiple source and environmental samples collected from different geographical areas.
